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Introduction 

Kapton  polyimide  is  ubiquitous  in  space  applications  due  to  its 
temperature  stability,  insulation  properties,  IR  transparency,  low  solar 
absorptance,  resistance  to  UV  damage,  and  excellent  thermal  properties.1 
Despite  the  desirable  properties  of  Kapton,  this  polyimide  and  all  organic 
polymeric  materials  are  severely  degraded  in  low  Earth  orbit  (LEO)  as  a  result 
of  reactions  involving  atomic  oxygen  (AO),2,3  which  can  be  more  than  90%  of 
the  neutral  component  of  the  residual  atmosphere  at  altitudes  of  300-700  km. 
Polymers  are  typically  protected  by  the  application  of  a  coating,  often  silica- 
based,  which  is  resistant  to  degradation  in  the  presence  of  AO.4,5  However, 
imperfections  in  the  coating  created  during  its  deposition,  or  by  physical 
damage  that  occurs  during  flight,  lead  to  erosion  of  the  substrate.  For  this 
reason,  alternative  and  self-regenerative  methods  of  protection  are  sought  for 
organic  polymeric  materials  used  in  space.6 

We  have  produced  relatively  durable  polymers  through  the  incorporation 
of  polyhedral  oligomeric  silsesquioxane  (POSS)  into  Kapton  through 
copolymerization  of  POSS  amine  monomers.7'10  POSS  is  a  unique  family  of 
nanoscale  inorganic/organic  hybrid  cage-like  structures  that  contain  a 
silicon/oxygen  framework  (RSiOL5),  surrounded  by  alkyl  or  aryl  groups  that 
can  be  utilized  as  polymer  compatiblizers  or  as  polymerizable  functional 
groups.10  We  have  found  with  a  POSS -containing,  Kapton-like  polyimide  that 
appropriate  POSS  amines  can  be  incorporated  into  the  poly(amic  acid) 
polymerization  without  changes  to  polymerization  conditions,  or  changes  to 
the  subsequent  cure  cycles.  We  have  conducted  a  variety  of  studies  of  POSS 
polyimides  by  exposing  their  surfaces  to  beams  of  hyperthermal  oxygen  atoms 
and  measuring  mass  loss  in  situ  or  surface  recession,  morphology,  and 
chemistry  ex  situ.  We  have  also  carried  out  similar  studies  of  POSS 
polyimides  that  were  exposed  to  an  atomic -oxygen  environment  on  the 
International  Space  Station. 

Experimental  Details 

Preparation  of  POSS  polyimide  copolymers.  Polyimides  with  the 
same  chemical  formula  as  Kapton  were  synthesized  by  condensation 
polymerization  of  4,4 '-oxy dianiline  (ODA)  and  pyromellitic  dianhydride 
(PMDA)  in  an  N,N'-dimethylacetamide  (DMAc)  solvent.  A  POSS 
dianiline  monomer  with  two  1  -(4-aminophenyl)-pendant  groups  and  eight 
cyclopentyl  pendant  groups  was  synthesized.  Using  this  monomer, 
“main-chain”  (MC)  POSS  polyimide  random  copolymers  were 
synthesized  as  shown  in  Figure  1  with  POSS  monomer  loadings 
corresponding  to  0,  5,  10,  20,  and  25  wt%,  which  correspond  to  Si8On 
cage  loadings  of  0,  1.75,  3.5,  7.0,  and  8.75  wt  %.  “Side-chain”  (SC) 
POSS  monomer  was  also  synthesized,  from  which  many  wt%  Si8Oi2 
cage  SC-POSS  polyimides  were  synthesized  (Figure  2). 

Low  Earth  orbit  exposure  of  POSS  polyimides.  MC-POSS 
polyimide  films  were  coated  on  aluminum  substrates  and  flown  in  LEO 
on  the  outside  of  the  International  Space  Station  as  part  of  MISSE-1.  The 
samples  were  exposed  to  the  ram,  with  the  AO  fluence  being  ~8  x  1021 
atoms  cm'2.  Free  standing  films  of  MC-POSS  polyimide  were  sewn  to  a 


Kapton  blanket  and  exposed  to  a  sweeping  ram  in  LEO  on  MISSE-5, 
with  an  estimated  AO  fluence  of  1.8  x  1020  atoms  cm'2.  Free-standing 
films  of  MC-  and  SC-POSS  polyimide  films  were  exposed  to  the  LEO 
environment  on  MISSE-6  in  the  ram  direction,  with  a  total  AO  fluence  of 
2  x  1021  atoms  cm'2.  The  step-height  difference  between  the  unexposed 
sample  area  and  the  neighboring  exposed  sample  area  was  measured  by 
profilometry.  In  some  cases,  the  atomic  composition  of  sample  surfaces 
was  determined  by  x-ray  photoelectron  spectroscopy  (XPS).  Additional 
samples  of  SC-POSS  polyimides  were  prepared  by  spin-coating  quartz 
crystal  microbalance  (QCM)  discs  with  films  of  different  POSS  loading. 
These  QCM  samples  were  placed  on  MISSE-6. 


Figure  1.  MC-POSS  Kapton  structure  demonstrating  the  PMDA-MC- 
POSS  repeat  unit  and  the  PMDA-ODA  repeat  unit.  R  =  cyclopentyl. 


Figure  2.  SC-POSS  Kapton  structure  demonstrating  the  PMDA-SC- 
POSS  repeat  unit  and  the  PMDA-ODA  repeat  unit.  R  =  Ao -butyl. 

Exposure  of  POSS  polyimides  to  atomic  oxygen.  Ground-based 
AO  exposures  were  performed  with  a  pulsed  AO  beam,  operating  at  a 
repetition  rate  of  2  Hz  and  containing  O  atoms  that  were  generated  by  the 
laser-detonation  of  O2  gas  in  a  conical  nozzle  with  the  use  of  a  7-joule- 
per-pulse  C02  laser.2,8  Kinetic  energies  of  the  fast  O  atoms  in  the  beam 
averaged  5.2  eV.  For  some  studies,  samples  were  covered  with  a 
stainless  steel  mesh,  prior  to  exposure,  in  order  to  mask  areas  and  achieve 
both  AO  exposed  and  unexposed  areas  for  step-height  measurements. 
For  other  studies,  samples  of  POSS  polyimide  and  control  (no-POSS) 
polyimide  films  were  spin-cast  onto  QCM  discs.  Some  scattering 
experiments  were  also  carried  out,  where  the  hyperthermal  AO  beam  was 
directed  at  a  surface,  and  the  reaction  products  that  scattered  from  the 
surface  were  detected  with  a  rotatable  mass  spectrometer  detector.2 
Some  samples  were  analyzed  by  AFM  or  SEM  after  exposure. 

Results  and  Discussion 

A  series  of  SC-POSS  polyimides  was  exposed  to  AO  with  a  total  fluence 
of  2.7  x  1020  O  atoms  cm'2.  Results,  in  Table  1,  indicate  dramatic  decreases  in 
surface  erosion  with  increasing  content  of  SC-POSS.  SC-POSS  polyimide 
and  MC-POSS  polyimide  had  comparable  AO  erosion  yields  (not  shown  in 
Table  1).  The  existing  data  indicate  that  the  AO-induced  erosion  yields  of 
MC-POSS  polyimide  and  SC-POSS  polyimide  are  comparable.  Thus,  the 
level  of  erosion  resistance  afforded  by  POSS  appears  to  depend  on  the  wt%  of 
the  monomer  and  not  how  it  is  bound  to  the  polymer  chain. 

Table  1.  Laboratory  AO  erosion  data  of  SC-POSS  polyimides. _ 

Kapton  -  Equivalent  Erosion  Depth  %  Erosion  of 
Weight  %  Si80i2  Fluence/  1020  (pm)  Kapton H 

in  SC-POSS  Polyimide  O  atoms  cm'2  Witness  Sample 


1.75 

2.71 

1.99  ±0.01 

24.5 

3.5 

2.66 

1.29  0.05 

16.15 

7.0 

2.68 

0.390  ±0.04 

4.9 

8.8 

2.68 

0.132  ±0.02 

1.64 

10.5 

2.71 

0.249  ±  0.03 

3.06 

12.3 

2.71 

0.113  ±0.03 

1.39 

14.0 

2.71 

Undetectable 

~0 

Table  2.  MISSE-1  flight  MC-POSS  polyimide  erosion  data. 


Sample 

aAverage  Step 
Height  in  microns 

Standard 
Deviation  in 
microns 

Erosion  in  3.9 
years 

0  wt  %  Si8On 
MC-POSS  Polyimide 

32.6 

0.9 

b240 

1.75  wt  %  SigOn 
MC-POSS  Polyimide 

5.8 

1.3 

5.8 

3.5  wt  %  Si8On 
MC-POSS  Polyimide 

2.1 

0.3 

2.1 

MC-POSS  polyimide  films  were  flown  on  MISSE-1.  The  0  wt%  POSS 
polyimide  was  completely  eroded  in  less  than  four  months.  It  was  determined 
that  the  thickness  of  the  0  wt%  POSS  polyimide  was  32.6  ±  0.9  pm.  The 
erosion  data  are  shown  in  Table  2.  XPS  measurements  showed  that  the  atomic 
percentages  of  the  top  10  nm  of  both  POSS  polyimide  films  were  34%  Si, 
59%  O,  and  7%  C.  The  XPS  data  are  thus  consistent  with  the  formation  of  a 
passivating  silica  (Si02)  layer  on  the  POSS  polyimides. 

Several  SC-POSS  polyimide  films  were  exposed  on  MISSE-6,  and  their 
mass  losses  were  measured  in  situ  with  QCMs  (see  Figure  3).  Although  all 
QCMs  failed  long  before  the  end  of  the  mission,  it  is  clear  from  the  data  that 
were  collected  that  POSS-containing  polyimides  suffered  significantly  less 
mass  loss  than  a  0  wt%  POSS  polyimide  control.  The  mass  loss  rate  appears 
to  be  higher  initially  on  the  POSS  polyimide  samples  and  then  decrease  with 
exposure  duration.  In  contrast,  the  no-POSS  control  polyimide  loses  mass  at  a 
roughly  constant  rate,  regardless  of  the  exposure  duration,  until  the  sample  has 


i 

> 


been  almost  completely  eroded  away. 

Figure  3.  Mass  loss,  measured  by  quartz  crystal  microbalances,  of  various 
SC-POSS  polyimide  films  as  a  function  of  exposure  duration  on  the  MISSE-6 
space  flight  experiment. 


Figure  4.  Mass  loss  of  various  POSS  polyimides  as  a  function  of  exposure  to 
a  hyperthermal  AO  beam  in  the  laboratory. 

the  POSS  cage,  the  erosion  yield  of  the  POSS  polyimide  may  be  as  little  as 
0.01  that  of  the  pure  polyimide.  The  POSS  polyimide  surface  has  been  shown 
to  re-grow  the  passivating  layer  (“self-heal”)  if  the  initial  silica  layer  is 
scratched.  Studies  involving  O-atom  beam-surface  scattering  reveal  the  main 
reaction  products  to  be  OH,  H20,  CO,  and  C02.  The  kinetics  of  the  decrease 
in  reactivity  of  the  surface  with  exposure  time  have  been  studied  by  measuring 
mass  loss  in  real  time  with  a  quartz  crystal  microbalance  and  by  monitoring 
the  decrease  in  the  intensity  of  the  individual  reactive  products  with  a  mass 
spectrometer.  It  has  been  found  that  the  resistance  of  POSS  polyimide  to  O- 
atom  attack  depends  more  on  the  weight  percentage  of  the  POSS  cage  in  the 
polymer  than  on  the  copolymerized  moiety  of  the  POSS  molecule  in  the 
polyimide  backbone.  The  results  demonstrate  great  promise  for  POSS 
polyimides  as  drop-in  replacements  for  Kapton  in  spacecraft  applications. 
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